Background: PCR-based assays can improve clinical care, but they remain technically demanding and labor-intensive. We describe a new instrument, the GeneXpert ® , that performs automated nucleic acid isolation, reverse transcription, and fluorescence-based quantitative PCR in ϳ35 min. Methods: Yield and integrity of RNA isolated on the GeneXpert were compared with Qiagen-based extraction for parallel samples (5-m frozen tissue sections). The reproducibility of automated RNA isolation, reverse transcription, and quantitative PCR was determined by replicate (n ‫؍‬ 10) analysis of 10 tissues, using duplex (target and endogenous control) reverse transcription-PCR reactions for two gene combinations. The GeneXpert was then used to perform rapid analysis of lymph nodes from melanoma, breast cancer, and lung cancer patients and analysis of melanoma metastatic to the lung, primary lung adenocarcinoma, and healthy lung tissue. Results: On the GeneXpert, RNA was recovered in slightly over 6 min, and the yield was ϳ70% of that from parallel Qiagen reactions. The RNA integrity was comparable to that of Qiagen-isolated RNA as determined by gel electrophoresis. For the melanoma samples, the 95% prediction interval for the ⌬Ct for a new measurement was ؎1.54 cycles, and for breast cancer samples, the interval for a newly observed ⌬Ct was ؎1.40 cycles.
Molecular assays offer promise as diagnostic and prognostic tests for cancer and other diseases. In particular, the widespread use of PCR and, subsequently, real-time quantitative PCR has revolutionized basic research and has facilitated evaluation of the genetic basis of many diseases. In the areas of infectious disease and hereditary diseases, the clinical use of PCR and real-time PCR assays has also grown rapidly and is now a major part of the in vitro diagnostics laboratory. In oncology, however, the number of real-time PCR and, specifically, real-time reverse transcription-PCR assays remains relatively small. This may reflect, in part, the complexity of designing, validating, and performing such assays. A typical PCR assay requires sample preparation, nucleic acid isolation, assay set up, PCR amplification, and detection of PCR products. If the genetic target is RNA, the assays are further complicated by the labile nature of RNA and the need to add a reverse transcription step. Consequently, such assays are currently restricted to centralized testing facilities or major medical centers with the resources to finance molecular testing laboratories that maintain rigorous quality assurance and accreditation.
Recent advances in real-time PCR technology have facilitated accurate quantification of PCR or reverse transcription-PCR products for DNA copy number and RNA expression analysis, respectively (1) (2) (3) (4) . In addition to providing quantitative data, real-time PCR has, in most cases, eliminated the need for post-PCR processing for detection of products, thereby greatly reducing assay time and minimizing, if not eliminating, the possibility of contamination and false-positive results. Other technical advances also allow the thermal cycling portion of realtime PCR assays to be performed extremely rapidly, with results in 20 min or less (5) (6) (7) . As a result, real-time PCR assays are beginning to enter clinical testing in situations in which rapid, point-of-care diagnostics are required, such as peripartum testing for group B streptococcus in pregnant women (8, 9 ) . In such a rapid testing scenario, the time-consuming and labor-intensive nature of nucleic acid isolation and assay setup severely limits the ability to provide improved patient care that could be afforded by immediate molecular test results.
In this report, we describe the evaluation of an instrument for rapid, automated RNA isolation and quantitative reverse transcription (QRT)-PCR 5 (GeneXpert ® ; Cepheid) that helps to overcome the limitations described above. In addition, the prototype GeneXpert instrument, provided to our group at the University of Pittsburgh, was used to develop, optimize, and test protocols for specific QRT-PCR assays intended for cancer-related diagnostic testing.
Materials and Methods role of cepheid
Coauthors from Cepheid were responsible for design and development of the GeneXpert instrument and cartridges and for development of preliminary protocols for RNA isolation on the GeneXpert. They also provided technical support and intellectual input for the development and optimization of RNA isolation protocols from human tissues. Cepheid did not have a significant role in the experimental design or data acquisition, analysis, or interpretation. Finally, all authors assisted in writing and editing of the manuscript. Cepheid had the right to review this manuscript for proprietary or patentable information and to request delay of publication for up to 6 months to file for intellectual property rights. Cepheid did not make such a request.
tissue sources
All tissues used in this study were obtained under protocols approved by the University of Pittsburgh Institutional Review Board. The tissues from lung cancer patients, as well as benign nodes from patients undergoing antireflux surgery, were obtained from the Division of Thoracic and Foregut Surgery tissue bank. The tissues from patients with breast cancer or melanoma were acquired from the Magee Women's Hospital (Pittsburgh, PA) tissue bank. All tissues were snap-frozen in liquid nitrogen at the time of collection and later embedded in optimal cutting compound for cryosectioning and analysis. RNA samples for the characterization of RNA yields were either extracted from archived frozen tissues or obtained commercially (Ambion).
histology
All cryosectioned tissues were stained with hematoxylin and eosin (H&E) for histologic review. In addition, samples from patients with breast or lung cancer were stained with the AE1/AE3 pankeratin antibody cocktail (Dako), and samples from patients with melanoma were stained with a monoclonal antibody for the antigen MELAN-A (Dako). A pathologist (K.S.M.) evaluated all slides and confirmed the presence of metastatic disease in positive nodes and the absence of contaminating tissue in negative and benign nodes.
description of GeneXpert
The GeneXpert is a software-driven cartridge processor and integrated fluorescence-based quantitative thermal cycler (Fig. 1A) that interfaces with single-use disposable cartridges (Fig. 1B ) to achieve nucleic acid isolation and QRT-PCR. The microfluidics-based GeneXpert cartridge consists of multiple chambers that are designed to hold the biological sample in lysis buffer; purification and elution buffers; and all RT-PCR reagents, enzymes, and buffers and to retain all sample-processing wastes. The cartridge also has an attached PCR tube with fluidic connections to the reagents in the cartridge chambers. When inserted into the GeneXpert , the PCR tube is surrounded by heating/cooling plates and by optical blocks that enable amplification and real-time, fluorescence-based PCR product detection.
At the center of the cartridge is a syringe barrel that has a dry interface (which nearly eliminates the potential for contamination) with the GeneXpert through a syringe plunger, thereby allowing the movement of fluids within the cartridge and between the PCR tube and the cartridge. Fluid movement within the cartridge is controlled by a rotary valve (Fig. 1C , valve body) that provides random access capability for fluid movement between different chambers and to the PCR tube. The valve body assembly also contains an active region fitted with a 55-L cavity containing nucleic acid purification beads (Cellpure ® beads; Cepheid; Fig. 1D ). Within the cavity are inlet and outlet ports that provide for fluid movement over the purification beads. These beads are retained within the cavity by screens that cover the two ports on the back of the valve body and a flat cap on the front of the valve body (Fig. 1D) . For nucleic acid capture, a tissue lysate solution from one reagent chamber is flowed through the beads within the valve body. The bound nucleic acid is then washed, eluted, mixed with RT-PCR reagents, and dispensed into the PCR tube for reverse transcription, amplification, and real-time detection as described below.
GeneXpert rna isolation and qrt-pcr methods A typical GeneXpert protocol used in this study is described below. Reagents were manually loaded into the cartridge reservoirs before the assay, and all subsequent fluid movement within the cartridge was controlled by the GeneXpert software. The steps performed in these experiments were as follows:
1. Cryosectioned tissue sections (twenty to thirty 5-m sections) were lysed in 800 L of chaotropic lysis buffer consisting of 5 mol/L guanidine isothiocyanate, 50 mmol/L Tris-HCl (pH 7.15), and 10 mL/L ␤-mercaptoethanol and filtered through a 0.22 m syringe filter (Osmonics Inc.). An equal volume of ethanol was added, and the lysed sample was placed in a chamber within the GeneXpert cartridge. 2. The sample was drawn into the syringe barrel and dispensed through the nucleic acid purification beads into a waste chamber on the cartridge.
mmol/L Tris-HCl (pH 8.0), and 100 mL/L polyethylene glycol] was then aspirated from a reagent reservoir into the syringe barrel and dispensed through the purification beads to the waste chamber, thus washing the beads to remove proteins and residual lysis buffer. 4. The bound RNA was eluted off the purification beads with nuclease-free water. The first 50 L, containing high concentrations of KCl and polyethylene glycol but low amounts of RNA, was directed to the waste chamber, and the next 30 L, containing purified RNA, was directed to an unused reagent chamber. QRT-PCR analysis on the GeneXpert was performed to emulate the manual, single-tube, two-step protocol as published previously (10, 11 ) . Reverse transcription was performed for 5 min at 48°C, followed by a heat inactivation of the reverse transcription enzyme for 2 min at 95°C. At this point, the cDNA mixture was removed from the tube, mixed with PCR reagents (20-L volume containing sufficient PCR primers and probes to give the final concentrations listed in Table  1 ), and dispensed back into the PCR tube. 7. PCR amplification was performed with the following cycling conditions: 30 s at 95°C, followed by up to 40 cycles with 1 s at 95°C for template denaturation, 4 s at 53°C for primer annealing, and 6 s at 64°C for primer extension and optical data collection. To facilitate quantitative multiplexing, the PCR protocol was automatically changed when the fluorescence associated with PCR amplification of the endogenous control gene reached a threshold of 10 fluorescence units. After this point, the temperature for the primer annealing and extension phase was increased to 64°C for the remaining cycles (total of 40 cycles). This effectively eliminates endogenous control primer annealing and amplification, thus allowing quantitative detection of the target gene (11 ) .
The primer and probe sequences and concentrations used in this study are given in Table 1 . All PCR primers were designed by previously described approaches (12 ) to avoid amplification of genomic DNA, and this was confirmed by testing with 100 ng of human genomic DNA as template for PCR. Relative expression values of the target genes were calculated by the previously described ⌬threshold cycle (⌬Ct) method (4, 13, 14 ) .
evaluation of rna isolation on the GeneXpert
We compared the yield, integrity, and purity of lymph node RNA isolated on the GeneXpert with the RNA obtained by manual isolation using the RNeasy ® Minikit (Qiagen). We performed parallel RNA isolations on tissue sections from 10 independent lymph nodes. For these comparisons, tissues were cut, ten 5-m sections at a time, and added to Qiagen and GeneXpert lysis buffers in an alternating fashion (total of 30 sections per isolation). RNAs were isolated on the GeneXpert by the protocol described above with the exception that the procedure was stopped at step 4, and the RNA was eluted in 80 L with no fluid sent to waste. Qiagen extractions were performed with the manufacturer's recommended protocol. RNA yield and purity were determined spectrophotometrically and with Ribogreen Quantification reagent (Molecular Probes) on the ABI 7700 sequence detection system (Applied Biosystems). RNA integrity was evaluated by electrophoresis of an aliquot of the RNA (precipitated and concentrated with ammonium acetate/ethanol) on native 1% agarose gels.
evaluation of assay reproducibility on the GeneXpert
To determine the reproducibility of QRT-PCR data from the GeneXpert, we performed replicate analyses on lymph nodes from patients with melanoma or breast cancer (n ϭ 5 for each disease). For each tissue sample, we cut 250 sections (5-m) into lysis buffer and filtered and divided them into 10 aliquots for independent analysis on the 
Results

evaluation of rna isolation on the GeneXpert
We compared RNA isolation on the GeneXpert with manual RNA isolation for 10 independent frozen tissue samples. Both isolation methods provided RNA with clearly visible 18S and 28S ribosomal RNA bands on agarose gels ( Fig. 2A) without difference in apparent integrity. The median RNA yield on the GeneXpert was 63.5% of the Qiagen yield when quantified by spectrophotometry and 69.5% of the Qiagen yield when quantified by Ribogreen fluorometric analysis after DNase treatment (Fig. 2B) . The median A 260 /A 280 ratios for the GeneXpertand RNeasy-isolated RNAs were 2.15 and 1.99, respectively, indicating high purity.
reproducibility of automated GeneXpert qrt-pcr analysis
One potential advantage of automated QRT-PCR analysis is the ability to obtain reproducible and objective results in different clinical environments. To determine the reproducibility of the GeneXpert QRT-PCR analysis, we performed replicate analyses on 10 lymph nodes with metastatic disease (5 breast cancer and 5 melanoma). The results of this study are shown in Fig. 1 of the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/content/vol51/issue5/. For the melanoma samples, the 95% prediction interval for the ⌬Ct for a new measurement was Ϯ1.54 cycles. Similarly, for the breast cancer samples, the 95% prediction interval for a newly observed ⌬Ct was Ϯ1.40 cycles. There were no assay failures noted in this set of 100 analyses.
GeneXpert qrt-pcr analysis for rapid detection of metastasis to lymph nodes
Intraoperative frozen-section analysis of lymph nodes for cancer staging impacts surgical decision-making. However, this analysis is challenging because of poor tissue architecture and time pressure, which invariably reduce the accuracy of interpretation in this setting. Thus, this point-of-care clinical analysis is one potential application for a rapid and automated QRT-PCR assay. Detailed studies from our group showing that QRT-PCR assays can accurately characterize lymph nodes for the presence of metastatic esophageal, oropharyngeal, and breast cancer have recently been published (15 ) , are in press (16 ), or have been submitted (Hughes et al., A rapid, fullyautomated molecular-based assay accurately analyzes sentinel lymph nodes for the presence of metastatic breast cancer, submitted for publication), and manuscripts on colorectal cancer, lung cancer, and melanoma are in preparation. To demonstrate how the GeneXpert may be useful for the rapid, molecular detection of lymph node metastases, we analyzed histologically positive and benign nodes from patients with melanoma, breast cancer, and lung cancer, using markers established from our own studies. For each tumor type, we identified four histologically positive lymph nodes and four nodes from patients without cancer (benign). The histologically positive lymph nodes had mean percentages of tumor involvement of 59% (range, 40 -75%), 50% (2-100%), and 42% (20 -90%) for breast cancer, lung cancer, and melanoma, respectively. Results of the GeneXpert QRT-PCR analysis on these lymph nodes is shown in Fig. 3 , along with representative photographs of H&E-and immunohistochemically (IHC) stained lymph nodes. All histologically positive lymph nodes clearly had higher expression of the relevant marker than was detected in the benign lymph nodes (Fig. 3, C, F, and I) , and all assays, from tissue cutting to result, were completed in Ͻ35 min.
GeneXpert qrt-pcr analysis of melanoma metastasis to the lung Another clinical dilemma that the GeneXpert may improve on is determining the tissue of origin of a tumor in a patient with a previous history of cancer. For example, MART1 is well established as a marker for detecting melanoma metastases to lymph nodes (17) (18) (19) (20) (21) , and we have found that MART1 expression is extremely low in healthy lung tissue and in primary non-small cell lung cancer (NSCLC; data available at http://www.mssm. edu/labs/godfrt01/research/mart1.htm). Thus, MART1 can also serve as a good marker for differentiating metastatic melanoma from primary NSCLC. To demonstrate this, we used the GeneXpert to quantify MART1 expression in lung nodules that were determined by routine pathology to be either metastatic melanoma (n ϭ 2) or primary NSCLC (n ϭ 5). In addition, we also analyzed two biopsies of healthy lung taken from patients with NSCLC. As expected, expression of MART1 was much higher in the metastatic melanoma samples than in either healthy lung or primary NSCLC (Fig. 4) , demonstrating the potential to differentiate between these two malignancies.
Discussion
Although the number of PCR-based, clinical assays continues to grow, most of the applications of this technology are in DNA-based assays. Even with the technical advance of real-time, quantitative PCR technology, the number of RNA-based clinical assays for gene expression is very small, despite their potential to improve patient care. In oncology, in particular, the number of molecular tests applied to cancer diagnosis and prognosis is negligible compared with the large number of such potential assays reported in the basic research literature. These promising PCR and RT-PCR assays invariably face major problems in gaining clinical acceptance, including (a) difficulty in preserving RNA yield and integrity; (b) high risks of contamination; (c) reagent variability; (d) paucity of appropriate experimental controls; (e) inability to obtain consistent results between laboratories and institutions; and (f) heavy reliance on technician expertise. Thus, the multicenter clinical trials required to validate any of these assays are very difficult to perform. Consequently, even the most promising new molecular diagnostic assays are frequently limited to the individual institution at which they were developed. The need for standardization in PCR assays is highlighted by several reports that have evaluated the reproducibility of PCR results across multiple testing laboratories (22) (23) (24) (25) (26) . In one study by the Dermatologic Cooperative Oncology Group (25 ) , seven independent laboratories were evaluated with respect to the detection of melanoma cells in blood by a RT-PCR assay for tyrosinase expression. Of the 60 patient samples tested, no sample gave a positive result in more than two of seven laboratories. In this study, the large variability observed was attributed to very low tyrosinase expression in the samples and to the fact that a different RT-PCR assay techniques was used in each laboratory. In another study, however, interlaboratory differences were high even when the comparison was made with exactly the same PCR reagents and assay conditions (26 ) . This study found significant differences at all stages of the assay, including nucleic acid isolation, PCR amplification, and data interpretation. These reproducibility issues are, in part, responsible for the fact that very few RT-PCR-based oncologic assays have made the transition from the benchtop to the clinic.
We report here our initial evaluation of an instrument, the GeneXpert, designed to address the problems described above. The GeneXpert automates all aspects of RT-PCR analysis, including RNA isolation, reverse tran- scription, quantitative PCR, and data analysis. In this study, we used a prototype version of the GeneXpert cartridge that required manual addition of reagents. Although the reproducibility observed in our experiments would give a seven-to eightfold 95% confidence interval for any single new measurement, we believe that this can be reduced significantly as the prototype instrumentation, cartridges, and software are replaced by production versions. Furthermore, our assays were optimized for research use on the SmartCycler instrument, but this was far less rigorous than the optimization undertaken for a clinical assay, and no specific optimization was performed on the GeneXpert. Finally, in cases in which more precise data are required, running tests in duplicate or triplicate would improve precision and give 95% confidence intervals of ϳ3.1-to 3.5-fold (for triplicates) even with the assays and instrumentation described in this study.
In addition to full automation, the GeneXpert is also capable of very fast RNA isolation (ϳ6 min) and PCR cycling times. When combined with our previously described methods for rapid reverse transcription and quantitative PCR multiplexing (7, 10, 11 ) , QRT-PCR assays can be completed in Ͻ35 min from tissue to result. With this capability comes, for the first time, the potential to perform molecular diagnostic assays in rapid, point-of-care scenarios. In cancer, one such possibility is the analysis of tissues at the time of surgery to help determine the most appropriate surgical treatment, and we have demonstrated proof of principle for two such applications on the GeneXpert.
The first example of this is intraoperative analysis of sentinel lymph node (SLN) specimens. If the SLN contains metastatic cancer, a lymph node dissection is typically indicated, whereas this morbid procedure can be avoided if the SLN is free of metastatic tumor. Although final, postoperative pathology (including time-consuming interpretation of multiple H&E-and IHC-stained crosssections) is very sensitive, current methods of intraoperative histologic analysis lack sensitivity (27) (28) (29) . As a result, 10 -20% of breast cancer and melanoma patients (29, 30 ) are being subjected to a second operation when intraoperative pathology is negative but final pathology is positive for metastasis. Our results show that GeneXpert analysis of these specimens is quite reproducible, even in its current form using manual set up of the cartridges, and can consistently be completed in Ͻ35 min. We therefore believe that intraoperative analysis of SLNs by the GeneXpert could assist pathologists in this difficult task and reduce the number of second operations required to complete lymph node dissection in breast cancer, melanoma, and other tumor types.
The second challenging scenario in which a GeneXpertbased assay may be useful is the evaluation of tumors observed in patients with previously treated cancer. Clinically, this differentiation can have important implications for treatment options, including the suitability for, and extent of, surgical resection or the need for systemic therapy. Although pathologic diagnosis is relatively straightforward in most cases, some cancer types, such as melanoma and poorly differentiated subtypes of other tumors, can pose a diagnostic problem and often require IHC or other histochemical staining. This analysis is typically performed on fixed tissues after surgery to obtain a tissue biopsy. In this study, we show that rapid QRT-PCR analysis for MART1 can aid in the distinction between melanoma metastasis to the lung and primary NSCLC. The ability to perform this analysis intraoperatively on the GeneXpert could make it possible to combine biopsy, analysis, and complete surgical treatment (if appropriate) in the same procedure. Furthermore, with the use of appropriate markers, similar assays could also be developed for identification of metastases to other solid organs for a variety of different tumor types.
In summary, we believe that the automation, standardization, and reproducibility provided by the GeneXpert could facilitate the testing, acceptance, and routine use of quantitative PCR and RT-PCR assays in clinical diagnostics. Furthermore, the ability to perform rapid molecular assays outside of specialized laboratory setting could lead to a major shift in the approach to patient care and management. In addition to intraoperative use during surgery, GeneXpert-based assays could also be used in oncology clinics for residual disease monitoring or diagnosis of leukemias; in emergency rooms for rapid diagnosis of bacterial, viral, or fungal meningitis; and in maternity wards for detection of group B streptococci in pregnant women (8, 31 ) . Perhaps the most important feature of the GeneXpert, however, may be its ability to provide a standardized platform on which multicenter trials of these and other applications can finally be critically tested and evaluated. Steven J. Hughes and Tony E. Godfrey serve as members of the scientific advisory board of Cepheid; compensations for this service include stock options. This work was supported by grant from the NIH (STTR Grant 1R42 CA099123-01).
